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ABSTRACT 
 
For years, additives have been used to tailor solid propellant behavior for specific 
applications. The propellant is often exposed to harsh environments during combustion 
such as extreme temperatures and high pressures. While the burning rates of AP/HTPB-
based solid rocket propellants up to pressures of 2000 psi are well documented, 
relatively little data at higher pressures exists. Therefore, a new high-pressure, constant-
volume strand burner facility has been installed and characterized at Texas A&M 
University to test pressures up to 10,000 psi. The design is primarily based on the current 
test vessel, strand burner II or SB-II and includes a cylindrical main body, two endcaps, 
and a bolt which is used to hold the test specimen. In addition to high-pressure testing, 
the new strand burner will be used to determine the temperature sensitivity of AP/HTPB-
based solid propellants at high and low temperatures. For low-temperature tests, the 
strand burner will be placed horizontally into a freezer and cooled to -65°F; whereas for 
the high-temperature tests, the strand burner will be heated to 194°F using resistance 
heating tape and mounted vertically.  
Two 80% monomodal AP/HTPB composite baseline propellant formulations 
were used to verify the new strand burner’s design, one with an average AP particle size 
of 200 μm and the other, 138 μm. The resulting burning rates and temperature 
sensitivities were compared to historical data with good agreement, thus validating the 
new strand burner facility and experimental procedures. This thesis details the 
development and characterization of the new high-pressure strand burner.  
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NOMENCLATURE 
 
HTPB Hydroxyl-Terminated Polybutadiene 
AP Ammonium Perchlorate 
IPDI Isophorone Diisocyanate 
ASME BPVC ASME Boiler and Pressure Vessel Code 
SB-II Strand Burner II (current vessel) 
SB-IV Strand Burner IV (new vessel) 
DAS Data Acquisition System 
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1. INTRODUCTION  
 
1.1 Solid Propellant Fundamentals 
Solid propellants are either a homogeneous or a heterogeneous mixture of 
oxidizer and fuel, which can self-sustain combustion upon ignition. They are used in a 
variety of applications such as space flight and airbags due to their many advantages, 
including simplicity, repeatability, and a wide range of burning rates1. Solid propellants 
are typically cast into motors which are then placed in combustion chambers. The 
chemical energy produced during combustion is converted into thermal energy and 
ultimately kinetic energy through an exit nozzle. The amount of energy produced varies 
due to a variety of factors including classification.  
There are two main solid propellant classifications: double-base and composite1. 
Double-base propellants are a homogeneous mixture of fuel and oxidizer, usually 
nitrocellulose and nitroglycerin. In contrast, composite propellants are a heterogeneous 
mixture consisting of three main ingredients: hydrocarbon binder, which can also act as 
a fuel source, crystalline oxidizer, and curing agent. Additionally, solid propellants are 
typically either monomodal, bimodal, or trimodal with respect to crystalline oxidizer 
particle size. Monomodal propellants have only one average oxidizer particle size, while 
bimodal and trimodal propellants have two and three, respectively. Solid propellants can 
also vary based on the percent-by-mass of oxidizer in the propellant. The Petersen Group 
at Texas A&M University typically studies either 80% monomodal or 85% bimodal 
propellants; where the 80% monomodal propellants are 80%-by mass AP with one AP 
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particle size, and the 85% bimodal are 85%-by mass AP with two AP sizes, fine and 
coarse. The propellants used in this study were 80% monomodal, AP/HTPB composite 
propellants, using hydroxyl-terminated polybutadiene (HTPB) as the binder, ammonium 
perchlorate (AP), the crystalline oxidizer, and isophorone diisocyanate (IPDI), the curing 
agent.  
In addition to these primary ingredients, additives can be included to help tailor 
solid propellant properties, such as strength or burning rate, for specific applications1-2. 
Bonding agents help increase the strength by further cross-linking the binder and 
crystalline oxidizer, while plasticizers help lower the propellant viscosity during mixing. 
Similarly, metal catalysts such as iron oxide or lead stearate help increase the burning 
rate. In recent years, the Petersen Research Group at Texas A&M University has been 
extensively researching the use of titanium dioxide (TiO2) and nanoscale aluminum as 
catalysts to improve the burning rate of AP/HTPB-composite propellants3-4.  
 
1.2 Burning Rates 
 As previously mentioned, solid propellants are used in a variety of applications 
where the burning conditions dictate the type of propellant used. Depending on the 
environment, solid propellants will behave differently, particularly their burning rates. 
While a multitude of factors affect the burning rate, pressure is typically the most 
important. For example, the chamber pressure of a motor varies depending on mission, 
desired thrust level, design, etc.; hence knowing how a propellant’s burning rate changes 
with pressure is extremely important. The relationship between pressure and burning rate 
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is empirically expressed as the power law shown in Equation 1 known as either St. 
Robert’s Law or Vieille’s Law1,5.  
r = aPn      (1) 
In the above equation, r represents the burning rate, a, the temperature coefficient, P, the 
initial chamber pressure, and n, the burning rate exponent; n is also known as the 
combustion index and describes the effect of chamber pressure on the burning rate. The 
values for a and n are experimentally determined based on the propellant’s composition. 
When plotted on a log-log scale, this correlation appears linear. 
 
1.3 Temperature Sensitivity 
In addition to pressure, the combustion chamber temperature greatly affects solid 
propellant burning rates. Since solid propellants are used in a variety of applications, 
they are often exposed and expected to perform in harsh environments such as extreme 
hot and cold temperatures. Air-launched missile motor temperatures, for example, can 
range from -65°F to 160°F1. The effect of temperature on the burning rate is referred to 
as temperature sensitivity, which is the percent change of burning rate per degree change 
in propellant temperature at a particular chamber pressure1. This relationship is shown as 
Equation 2, 
𝜎𝑃 = �𝑑𝑑𝑑𝑑𝑑𝑑 �𝑃      (2) 
where r is the average burning rate and T, the initial temperature1,5. Temperature 
sensitivity is usually determined from experimental data.  
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1.4 Objective 
 While there are many existing facilities to study burning rates and temperature 
sensitivity, there are few that fulfill both requirements. The current strand burner at 
Texas A&M University is only designed for determining propellant burning rates up to 
5,000 psi and does not incorporate a way to consistently measure temperature sensitivity. 
Therefore, the objective of this study was the development and characterization of a new 
strand burner facility for determining both burning rates at very high-pressures and 
temperature sensitivities for propellants. Chapter 2 provides a literature review of current 
strand burners and propellant temperature sensitivities. An extensive description of the 
new facility and strand burner is presented in Chapter 3 along with the associated new 
testing procedures and results used to verify the design capabilities. This thesis 
concludes with an overview of the challenges associated with this project and 
recommendations for further improvements.  
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2. LITERATURE REVIEW 
 
2.1 Strand Burners 
 There are three primary methods for collecting burning rate data: small-scale 
ballistic evaluation motors, full-scale motors, and strand burners, often called Crawford 
burners or bombs1. Small-scale motors are useful for preliminary tests but usually 
produce slightly lower burning rates than full-scale motors due to scaling factors. While 
full-scale motors produce the most real-application burning behaviors, they are often 
expensive and time-consuming, making them less desirable for testing new propellant 
formulations. Strand burners, however, are ideal for characterizing the behaviors of new 
propellant formulations. They are small, constant-volume pressure vessels in which 
propellant strands can be burned under a variety of initial pressures and temperatures to 
simulate combustion chamber conditions.  
 The first strand burner was introduced by Crawford in 19476. It consisted of a 
stainless steel cylindrical body, lid, and cap and used nichrome wire ignition. The 
original design also included a large, glass window for burning rate measurements using 
photography at pressures up to 2000 psi. The window was later removed to safely test at 
higher pressure up to 5000 psi, where fuse wires were used instead of photos to 
determine burning rates. Since Crawford’s original strand burner, various burning rate 
measurement techniques and strand burners have been developed across the country.  
 As previously mentioned, a variety of techniques can be used to determine solid 
propellant burning rates. The most common technique is using a high-speed camera to 
 6 
 
record the burn and using the resulting video to determine the beginning and end burn 
times6-10. Other techniques include X-ray, microwave interferometry, optical, laser 
fractional light transmission, and phototransistor methods11-15. For this study, the 
pressure method, which uses the inflection points from the pressure trace recorded 
during the burn, to determine start and end burn times. Further details about this method 
are described in subsequent sections.  
 Although there are multiple burning rate measurement techniques, most current 
strand burners are based on the original Crawford bomb described in Crawford, et. al.6. 
Strand burners typically consist of constant-volume pressure vessels with optical ports 
for varying diagnostics. Table 1 gives an overview of several current strand burners and 
their maximum working pressures. Although the working pressures may be higher, most 
of the researchers listed only test pressures up to about 1,100 psi, with the exception of 
Crawford and Petersen and coworkers. Crawford typically tested pressures up to 5,000 
psi, while the Petersen Research Group at Texas A&M University usually tests between 
500 and 2,000 psi6,16. As a result, while the burning rates of AP/HTPB-based composite 
solid propellants up to pressures of 2,000 psi are well documented, relatively few data at 
higher pressures exist. Therefore, the focus of this study was the development and 
characterization of a new very high-pressure, constant-volume strand burner facility at 
Texas A&M University to test pressures up to 10,000 psi. This new strand burner 
doubles the current pressure testing capabilities of the Petersen Research Group and can 
also be used for determining the temperature sensitivity of propellants.  
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Table 1. Overview of current strand burners and their maximum test pressures6-
8,16-20. 
Primary Investigator, Location Maximum Test Pressure (psi) 
B. L. Crawford, University of Minnesota, 
Minneapolis, MN 5,000 
E. L. Petersen, Texas A&M University, 
College Station, TX 10,000 (this work) 
S. Son, Purdue University, Wes Lafayette, 
IN 6,000 
T. L. Boggs, Naval Weapons Center, 
China Lake, CA 6,000 
E. W. Price, Georgia Institute of 
Technology, Atlanta, GA 2,000 
M. Q. Brewster, University of Illinois at 
Urbana-Champagne, Urbana, IL 1,000 
S. R. Chakravarthy, Indian Institute of 
Technology, Madras, India 2,000 
S. T. Thynell, The Pennsylvania State 
University, University Park, PA 1,000 
 
 
2.2 Temperature Sensitivity  
 As described before, temperature sensitivity is the effect of initial temperature on 
the burning rate. Solid propellants are used in a variety of environments and can be 
exposed to harsh combustion conditions such as extreme, high and low temperatures. 
Determining the effects of temperature on the burning rate therefore becomes vastly 
important during the design process. Past studies, particularly Demko, et. al., have 
shown burning rate increases and decreases for higher and lower initial propellant 
temperatures, respectively, as shown in Figure 121. The propellants used in the 
aforementioned study were 80% monomodal AP/HTPB composite propellants tested at -
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18.4 and 167°F. Demko et. al. also showed that the calculated propellant temperature 
sensitivity for an 85% bimodal AP/HTPB composite propellant decreased with pressure 
at the lower and higher temperatures, ultimately converging at a pressure of 2000 psi21. 
These results are shown in Figure 2. Boggs and several other studies, compiled in Figure 
3, showed similar results for a single AP crystal at higher temperatures22-27. Figure 3 also 
illustrates the inconsistencies in temperature sensitivity for AP crystals due to various 
initial temperatures and particle sizes.  
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Figure 1. Burning rate results for 80% monomodal AP/HTPB composite 
propellants at -18.4° and 167°F21. 
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Figure 2. Temperature sensitivity for 85% bimodal AP/HTPB composite 
propellants at -18.4° and 167°F21. 
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Figure 3. Compilation of temperature sensitivities of ammonium perchlorate at 
varying initial temperatures and AP particle sizes copied directly from Boggs et. 
al.22-27. 
 
Since numerous variables can affect a propellant’s temperature sensitivity, the 
method for evaluating temperature sensitivity becomes extremely important. Over the 
past years, multiple techniques have been developed for testing propellants at elevated 
temperatures. One procedure, performed by Shannon et al., entailed leaving the 
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propellant samples in an oven for a minimum of 18 hours, then burning them within 
seven minutes of removal26. Other methods included using a “thermal block” where the 
samples sat on a block heated by hot fluid25. The method used in the present study was 
developed by Boggs et al. and involves wrapping heating tape around the strand burner 
main body22. A detailed description of the high-temperature sensitivity measurements 
follows in a later section. 
 While there are a variety of methods for the high-temperature tests, there are very 
few for the low-temperature tests. The previous method used by the Petersen Research 
Group at Texas A&M University included lowering the propellant temperature in 3 
stages so as to prevent rapid cooling and damage to the propellant. For the first stage, 
each sample was placed into an ethylene glycol and ethanol bath to cool the samples to -
50°C. Afterwards, the samples were placed in dry ice to lower their temperature to -
78.5°C; then another bath of liquid N2 and ethanol to reach a final temperature of -
120°C. The propellants were then tested within 3 minutes of removal so as to ensure a 
relative initial temperature of -28°C. Further details for this process can be found in 
Demko et. al21. While this process is economical and simple to implement, there are 
several possible sources of error, particularly at the higher pressures. As the combustion 
chamber is pressurized, the room-temperature inert gas warms the propellant, causing 
the propellant’s initial temperature to vary. Therefore, a new method for measuring low-
temperature sensitivity was developed and implemented as part of this study.  
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3. EXPERIMENTAL DESIGN 
  
3.1 Strand Burner Design 
3.1.1 Main Body and End-Caps 
The new strand burner design was primarily based on the existing test vessel, 
strand burner II or SB-II, which is thoroughly described by Carro et al.16. It includes a 
main body, two end-caps, and a bolt which is used as the propellant sample holder. 
While SB-II can test pressures up to 5,000 psi, the new high-pressure strand burner, 
strand burner IV or SB-IV, doubles this with the ability to test up to 10,000 psi. 
Additionally, SB-IV will be used to determine temperature sensitivity of composite solid 
propellants. Since SB-IV will be exposed to significantly higher pressures, safety was 
the paramount design aspect. As a result, unlike SB-II, which has four windows for 
various diagnostic techniques, SB-IV has none.  
To ensure the safety and operational success of SB-IV, engineering formulas 
were used to ensure quantitatively that the mechanical components would not fail. These 
calculations were made utilizing thick-walled pressure vessel design formulas available 
in Section VIII Division I of the ASME Boiler and Pressure Vessel Code (ASME 
BPVC)28. These formulas are industry standard in pressure vessel design and its 
components, having been approved by a committee of experienced engineers. To further 
increase safety, a design pressure of 15,000 psi was used when calculating the 
dimensions of SB-IV, which is 50% greater than the normal operating pressure of 10,000 
psi. Additionally, a safety factor of four along with the yield strength, which is less than 
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the ultimate tensile strength, was used to calculate the maximum allowable stress. 
Equation 3 shows the relationship between maximum allowable stress, yield strength, 
and safety factor, 
𝜎𝑎𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑎 = 𝜎𝑦𝑦𝑦𝑦𝑦𝑆𝑆      (3) 
where σallowable is the maximum allowable stress, σultimate is the yield strength, and SF is 
the safety factor.  
 One primary difference between SB-IV and SB-II is the material. SB-II uses a 
low-carbon steel alloy (SAE 4140), while SB-IV consists of stainless steel 17-4PH. The 
material was primarily changed due to design constraints. Since SB-IV will also be used 
for low-temperature sensitivity tests, the entire test vessel must fit within a particular 
freezer; hence, the final dimensions are constrained by the freezer’s. Therefore, given the 
higher pressures and dimensional restraints, the material was changed to 17-4PH due to 
its significantly higher yield and tensile strengths. SAE 4140 has a yield strength of only 
60.2 ksi, whereas 17-4 PH has an average yield strength of almost double at 110 ksi. 
Although the material changed, the overall internal volume of SB-IV remained the same 
as SB-II. The full mechanical properties of 17-4 PH can be found in Appendix A. 
 The same internal diameter of 3.70 in and internal height of 6 in, volume of 
76.76 in3, were used to ensure the same pressure rise during burning in SB-IV as in SB-
II. As the propellant burns in the constant-volume vessel, the temperature and 
subsequently, the pressure, both rise. This pressure increase varies depending on the 
propellant formulation but typically lies within 15 to 20% of the initial pressure for low-
pressure testing (~600 psi) and 5 to 8% for high-pressure testing (≥2000 psi)16. Ideally, 
 14 
 
the samples should be burned in a constant-pressure environment, but previous studies 
have proven this slight pressure increase to be inconsequential29. Additionally, when 
calculating the propellant burning rate, the average test pressure is used.  
 The final design dimensions were calculated using the following equations from 
the ASME BPVC,  
𝑡𝑠ℎ𝑎𝑑𝑑 = 𝑅𝑖𝑑𝑠𝑖𝑑𝑎 ∗ �𝑍12 − 𝐸�     (4) 
𝑡𝑎𝑑𝑑𝑒𝑎𝑒 = 2 ∗ 𝑅𝑖𝑑𝑠𝑖𝑑𝑎� 𝐶∗𝑃𝑦𝑦𝑑𝑦𝑑𝑑𝜎𝑎𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦∗𝐸    (5) 
where tshell is the shell thickness, Rinside, the internal radius, Z, a dimensionless parameter 
given in Equation 6, E is 1 for a seamless shell, tend-cap, the end-cap thickness; C is 0.3 
for threaded enclosures, and Pdesign, the design pressure28.  
𝑍 = 𝜎𝑎𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦𝐸+𝑃𝑦𝑦𝑑𝑦𝑑𝑑
𝜎𝑎𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦𝐸−𝑃𝑦𝑦𝑑𝑦𝑑𝑑
     (6) 
The maximum allowable stress was calculated as 27.5 ksi using Equation 3. The final 
outer diameter and end-cap thickness were slightly increased as additional safety factors 
and for material purchasing reasons. Additionally, according to the ASME BPVC, it 
states that for a threaded end-cap, the minimum number of threads engaged needs to be 
at least ten for the target design diameter size28. For this reason, the end-cap incorporated 
three inches of 4.0-4 UNC sized threads to ensure compliance. Table 2 compares the 
calculated ASME BPVC minimum acceptable and actual dimensions. 
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Table 2.  Calculated minimum ASME BPVC design parameters compared to the 
actual. 
 
Parameter Units ASME BPVC Min. Actual % Increase 
Router in - 3.75 - 
Rinside in - 1.85 - 
tshell in 1.56 1.90 21.8 
tend-cap in 1.50 1.75 16.7 
End-Cap 
Threads - 10 12 20 
 
The body and end-caps were machined out of solid rods of 17-4 PH stainless 
steel. The 12 in main body has an outer diameter of 7.5 in and an inner diameter of 3.7 
in. Each end has 3-in-deep, 4.0-4 UNC internal threads to accept the end-caps. The 
threads are coated with copper anti-seize to prevent seizing and are screwed into the 
main body using a custom key. Both end-caps have the same overall dimensions. The 
8.5 in hexagonal head of each end-cap is 1.75 in thick, making the overall length of the 
strand burner 15.5 in. On the internal face of the hexagonal head of each end-cap is a 
0.31-in-wide by 0.20-in-deep groove for a face-sealing O-ring. Additionally, past the 
threads on each end-cap is an O-ring groove 0.24 in wide by 0.12 in deep. These two O-
rings are coated in vacuum grease and used to seal the strand burner forward and aft. 
High-strength polyurethane O-rings were chosen due to their resistance to wear and 
tearing and their temperature range of -40°F to 200°F.  
While the overall dimensions are the same for both end-caps, each end has 
different ports. The original bottom end-cap had a center 1”-8 UNF tapped hole to 
receive the sample holder. Unfortunately, during initial pressure testing, the sample 
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holder seized in the end-cap and ultimately had to be drilled out. As a result, the center 
tapped hole was modified to a 1-1/16”-12 UNF tapped hole. All other dimensions 
remained the same. The other end-cap, used for filling and venting, has two ports. The 
first port is used for both filling and venting the pressure vessel and consists of a 9/16”-
18 UNF thread leading to a 0.22 in deep hole which then reduces to a 0.09 in hole. Next 
to it is a 0.22 in hole leading to another 9/16”-18 UNF thread. This second port is used to 
insert a thermocouple from Conax during temperature sensitivity tests.  Figure 4 shows 
an expanded view of SB-IV’s main components: the main body, two end-caps, and a 
modified bolt which serves as the sample holder. Detailed drawings of SB-IV are located 
in Appendix B. 
 
 
Figure 4. Expanded view of SB-IV. 
  
Since SB-IV will be used for both low- and high-temperature sensitivity tests, it 
must be easily transportable between a vertical stand and the freezer used for the low-
temperature tests. Thus, to easily remove the sample holder between tests and alternate 
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between the vertical stand and freezer, SB-IV is held by four, 1.50 in thick aluminum 
braces with 1.5 in wide L-brackets attaching them to the vertical stand. SB-IV can be 
removed from the vertical stand without difficulty by simply removing the bolts 
mounting the L-brackets to the vertical stand. However, since the entire assembled 
strand burner weighs approximately 220 lbs, a crane must be used to lift and place SB-
IV into the freezer. Figure 5 shows the crane with straps attached to SBIV. 
 
 
Figure 5. Crane used to lift and move SB-IV. 
 
 The entire internal surface of the main body, not including the threads, and both 
end-cap faces are coated with a 0.003 in thick nickel plating to prevent corrosion from 
combustion product residues. While 17-4 PH is resistant to most corrosives, it is not 
resistant to salts. The Petersen Research Group at Texas A&M University typically uses 
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ammonium perchlorate, a salt, as the propellant oxidizer, so salt-corrosion resistance was 
a design concern. The nickel coating is highly resistant to salts and other products and is 
often used in sub-sea applications. The nickel plating, or nickel electro-deposition, is 
applied using an electrical current. In addition to providing corrosion-resistance, the 
nickel plating also improves the hardness and resistance to wear of the end-cap faces. 
Figure 6 shows the nickel-plating on the end-cap with the sample holder screwed in.  
 
 
Figure 6. Internal view of the nickel plating on the end-cap face with the sample 
holder screwed in.  
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3.1.2 Sample Holder 
 During the design and implementation of SB-IV, two sample holders were 
designed and machined. Both sample holders were custom-made, modified 2 in hex head 
bolts machined out of 2.5 in diameter 17-4 PH stainless steel bar stock. The original bolt 
modifications included the incorporation of face-sealing O-rings, a port for the copper 
lead, a groove to hold the sample, and a metal ground eyelet for Ni-Chrome wire 
ignition. Two face-sealing O-rings were incorporated, both 0.12 in wide and 0.08 in deep 
with inner diameters of 1 and 1.5 in. A small 0.25 in diameter hole was bored 0.24 in 
deep at the tip of the bolt to hold samples during testing. On one side of this hole, a small 
6-32 UNC hole was tapped to accept a small eyelet used for grounding. A 0.1875 in hole 
leading to a ¾”-16 UNF thread (at the hex head) was drilled on the other side. This 
fitting was used to admit a 24-gage copper wire sealed in a high-pressure compression 
seal gland from Conax (HPPL-24-A2), which served as the positive lead. The threads 
were 1”-8 UNC, 1 in deep. Unfortunately, during the initial pressure testing, the threads 
seized, and the hex head of this bolt sheared off while attempting to remove it. As a 
result, a secondary, slightly different bolt was machined. 
 As mentioned above, both sample holders were modified 2in hex head bolts 
made of 17-4 PH stainless steel. The primary differences between the first and second 
sample holders are the O-ring grooves and the threads; all other ports remained the same. 
The diameter of the hole for the copper lead wire was also decreased to prevent 
deformation at high pressures. Instead of two face-sealing O-ring grooves, the second 
bolt only included the 1.5 in diameter O-ring groove. This additional feature was due to 
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the increase in thread diameter. When the original bolt broke, the hex head sheared off, 
leaving the remainder in the end-cap as seen in Figure 7. As a result, the remaining bolt 
had to be drilled out of the end-cap; hence increasing the bolt thread diameter and 
eliminating room for the 1 in O-ring. The new threads used on the sample holder are 1-
16”-12 UNC threads. The threads were also changed to finer threads to prevent further 
seizing. Finer threads have less contact surface area, hence fewer areas to seize. Figure 8 
shows the second sample holder. In addition to the face-sealing O-ring, the bolt threads 
are wrapped in Teflon tape for further sealing.  
 
 
Figure 7. Original sample holder with the head sheared off and the remaining 
portion still in the end-cap. 
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Figure 8. Second sample holder. 
 
3.1.3 Engineering Analysis 
After the dimensions were finalized, calculations were performed to assure that the 
maximum allowable stress was not violated. If any stress calculation exceeded this 
allowable stress, structural integrity would be compromised. The primary calculated 
stresses were the circumferential, the tangential, the discontinuity or shell-to-end-cap 
junction, and the end-cap bending stresses as summarized in Table 3. As an additional 
safety measure, the total energy of explosion for SB-IV if it was pressurized at its 
maximum working pressure of 10,000 psi was also calculated. Should SB-IV fail and 
explode when pressurized at 10,000 psi, energy equivalent to 0.2 lb of TNT would be 
released. 
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Table 3. Calculated stress values and corresponding locations. 
 
Stress Location Units Values Satisfied Allowable 
Limit 
Allowable - ksi 27.50 - 
Hoop Shell ksi 24.61  
Radial Shell ksi 15.00  
Allowable 
Shear - ksi 21.75  
Shear 
End-cap 
Threads ksi 0.65  
Shear Bolt Threads ksi 0.53  
 
When performing the heating and cooling tests, the strand burner will be exposed to 
temperatures as low as -88°F and as high as 200° F for roughly twelve hours at a time. 
The mechanical properties of 17-4PH change very little, roughly a 2% decrease in yield 
strength when exposed to 200°F for several hours. The maximum allowable stress 
becomes 26.95 ksi, which still satisfies the allowable limits for all stresses. For lower 
temperatures, the strength does not change, so the maximum allowable stress remains 
the same and all allowable limits are satisfied. 
 Since the design of SB-IV was based on SB-II, a comparative analysis was 
performed to validate the stress calculations. SB-II is rated to 5,000 psi with a design 
pressure of 8,000 psi (for more information, see Carro et. al)16. Since it was first built, 
SB-II has been extensively tested between pressures of 500-5,000 psi without failure. 
Therefore, the expected stresses between SB-II and SB-IV were compared along with 
their maximum allowable stresses. 
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 SB-IV has a higher maximum allowable stress due to the material change. It 
should also be noted that while the allowable stress for SB-II was calculated with the 
ultimate tensile strength, the yield strength was used for SB-IV since it was the lower of 
the two values. If the ultimate tensile strength were used, the maximum allowable stress 
would be even higher. As for the hoop and radial stresses, the hoop stress only increases 
by eighteen percent, which is slightly higher than the increase in maximum allowable 
stress. However, as previously mentioned, the calculations for the new strand burner 
were made with the yield strength whereas the stress calculations for the current strand 
burner used the tensile strength. When compared using the tensile strength as the 
maximum allowable stress, the percent increase is actually 57.9%, which can more than 
handle the increase in hoop stress. The maximum radial stress is merely the design 
pressure. It should also be noted that while the endcap threads did not change, the bolt 
threads were changed to 1-12 UNC to increase the surface area and therefore decrease 
the shear stress. The comparison results are shown in Table 4. Additionally, Figure 9 and 
Figure 10 show comparative pictures of SB-II and SB-IV. 
 
Table 4. Comparison of SB-IV to SB-II. 
 
 Stress Location Units SB-II SB-IV % Increase 
Allowable - ksi 23.75 27.50 15.79 
Hoop Shell ksi 20.80 24.61 18.32 
Radial Shell ksi 8.00 15.00 87.50 
Shear End-cap Threads ksi 0.42 0.65 54.76 
Shear Bolt Threads ksi 0.22 0.53 134 
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Figure 9. Vertically assembled SB-II. 
 
Figure 10. Vertically assembled SB-IV. 
 
3.2 Facility Hardware 
 To mimic the combustion chamber pressure conditions of a rocket motor, the 
strand burner is pressurized with a chemically inert gas. For this study, high-pressure 
Nitrogen was supplied by two regulated, 6,000 psi, 570 ft3 bottles via 7,500 psi rated 
0.25 in stainless steel (Swagelok) tubing. Nitrogen was chosen after performing a cost 
analysis comparing Nitrogen and Argon. Crawford et. al. found no significant difference 
in burning rate when using various inert gases6. The Nitrogen is also used pre- and post-
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testing to purge the vessel of any lingering combustion gases or air. Figure 11 shows the 
Nitrogen bottles used for filling along with the light outside the test cell indicating a test 
in progress.  
 
Figure 11. Nitrogen bottles used to fill and purge vessel before and after tests. 
  
All testing was performed via a new remote-access control panel. The control 
panel is used to remotely fill and vent the strand burner, trigger ignition, and regulate the 
air supply to the gas booster. Figure 12 shows the new and existing control panels. The 
new control panel for SB-IV is pictured on the right and includes switches for the fill 
and exhaust valves along with the gas booster and ignition. It also has two DP41-E 
model digital readers, one for the test pressure and the other for the calibration pressure. 
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Both filling and venting are executed remotely by actuating solenoid-operated, normally 
closed pneumatic valves. The fill valve is a mini-hippo piston air operator rated to 6,000 
psi from HiP. Since the fill valve is before the gas booster, a minimum pressure rating of 
10,000 psi was not required. The exhaust valve however, is located after the gas booster 
so it must be rated for the working pressure of 10,000 psi. As a result, the exhaust 
pneumatic valve is a Hipco Diaphragm Air Operator rated to 10,000 psi also from HiP. 
Both pneumatic valves are air-operated, with the air supply connected to the shop air as 
shown in Figure 13 and Figure 14.  
 
 
Figure 12. New (right) and existing (left) control panels for remote operation 
during experiments. 
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Figure 13. Mini-Hippo air piston  
used as the fill pneumatic valve. 
 
Figure 14. Hipco diaphragm air operator 
used as the exhaust pneumatic valve. 
 
Since Nitrogen only comes in bottles of a maximum 6000 psi, an air-supplied 
Haskel AG-75 gas booster was used to compress the fill gas to higher pressures. Using a 
minimum air supply pressure of 250 psi, the gas booster can compress the incoming 
Nitrogen to a maximum of 11,250 psi. An air compressor purchased for this project 
supplies the air. To avoid over-pressurization, the air supplied to the gas booster is 
controlled remotely via a solenoid valve attached to the line. Figure 15 and Figure 16 
show the gas booster and air compressor, respectively.  
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Figure 15. Gas booster used to compress the incoming Nitrogen to pressures above 
6,000 psi. 
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Figure 16. Air compressor used to supply air to the gas booster. 
 
 The existing plumbing in the test cell was only rated to 7,500 psi, so all new, 
20,000 psi-rated medium pressure tubing was installed past the gas booster for the high-
pressure system. Since only the line beyond the output of the gas booster experiences 
pressures above 7,500 psi, only these portions used the medium pressure line. The fill 
line connects to the existing line going to the Nitrogen tanks via a T-Junction. For safety 
reasons, there are several manual exhaust valves. As shown in Figure 11, there are two 
manual ON/OFF quarter turn ball valves located after each Nitrogen tank regulator along 
with a needle valve that sets the fill rate. There are also two emergency exhaust valves, 
located before and after the gas booster. To switch between the hot and cold temperature 
experimental setups, there are two additional quarter turn ball valves, one leading to the 
vertical setup used for high pressure and hot temperature experiments, and the other to 
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the freezer for low-temperature tests. Figure 17 displays a schematic of the plumbing, 
while Figure 18 shows the actual experimental setup.  
 
 
Figure 17. Plumbing schematic of experimental setup. 
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Figure 18. New experimental setup for high pressure and temperature sensitivity 
experiments. 
 
 Two pressure transducers are located after the gas booster before the quarter turn 
valves leading to the two experimental setups. One is connected to GageScope for 
recording the pressure during the test, while the other is used to determine the vessel 
pressure while filling. Due to project time constraints, both pressure transducers are 
PX02 series rated to 40,000 psi from Omega with a 0-5 V output. Unfortunately, at the 
time the pressure transducers were ordered, all of the PX02 series pressure transducers 
rated between 10,000 and 30,000 psi were out of stock. Since these pressure transducers 
are rated to a much higher than the working pressure for this project, there will be more 
noise in the pressure trace collected by GageScope. However, as shown in a later 
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section, the beginning and end of the burning rate are still clearly defined when 
observing the pressure trace. The pressure transducers and quarter turn valve leading to 
the high-pressure setup are shown in Figure 19.  
 
 
Figure 19. Pressure transducers and quarter turn valve connecting to the vertical 
setup used for high pressure and high-temperature tests. 
 
 For the temperature sensitivity tests, a thermocouple was placed inside the strand 
burner via a port in the fill end-cap as previously described and shown in Figure 10. The 
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thermocouple used is a K-type thermocouple from Conax designed for pressures up to 
20,000 psi. The temperature is then monitored and recorded during the burn using a 
FLUKE thermometer as shown in Figure 20. For high-pressure temperature tests where 
knowing the temperature during the experiment is not vital, the thermocouple is replaced 
by a cap. This exchange protects the thermocouple from unnecessary exposure to 
combustion products. A view of the fill end-cap with the cap in place of the 
thermocouple is shown in Figure 21.  
 
 
Figure 20. FLUKE thermometer used to monitor and record the temperature 
detected by the thermocouple located inside the vessel. 
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Figure 21. Thermocouple port with cap in place of thermocouple for high-pressure 
testing. 
 
3.3 Testing Procedures 
3.3.1 Burning Rates 
 All propellant samples are approximately 1 in in length with a diameter of 0.1875 
in. They are manufactured in the test facility by the Petersen Group at Texas A&M 
University using techniques developed by Stephens et al.30.  The burning rates were 
determined using the burn time as indicated by the clear inflection points from the 
measured pressure trace indicating the start and end of combustion and initial propellant 
strand length. An example pressure and light trace for SB-II is shown in Figure 22. 
Although SB-IV has no optical ports, thus no light trace, the pressure traces recorded are 
similar to those using SB-II as proven through the subsequent characterization testing. It 
is still evident when the ignition begins and when the burn finishes. Ignition was 
 35 
 
achieved by running a current across a Nichrome wire attached to two metal leads. 
Figure 23 shows a sample propellant loaded in the second new sample holder with a 
Nichrome wire attached to both metal leads. A detailed description of this method can be 
found in Stephens et al.3.  
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Figure 22. Sample pressure and light-emission data plot taken from experiments 
using SB-II. 
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Figure 23. Example loading of propellant sample in the modified bolt using 
Nichrome wire ignition. 
 
3.3.2 Temperature Sensitivity 
Temperature sensitivity (σp) is calculated by measuring burning rates at 3 
different temperatures, -88 oF, 70 oF, and 194 oF, over a range of pressures. The -88°F 
burning rates are measured by placing the strand burner horizontally into a So-Low 
freezer as seen in Figure 24. The temperature of the freezer is controlled through a panel 
located on the front as shown in Figure 25. For both the low- and high-temperature tests, 
the test vessel required a minimum of 8 hours to reach the desired initial temperature. 
The sample holder is loaded while cooling and heating to ensure constant expansion and 
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contraction of the material. Additionally, several large pieces of scrap metal are placed 
into the freezer prior to the strand burner to act as heat sinks. Otherwise, the freezer is 
overloaded and cannot maintain the desired temperature.  
 
 
Figure 24. SB-IV placed into the freezer for low-temperature sensitivity tests. 
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Figure 25. Freezer control panel used to set the freezer temperature. 
 
The 194°F burning rates are measured by wrapping the strand burner in heating 
tape and insulation as seen in Figure 26. The heating tape was powered by a controller 
with a thermal feedback sensor. To regulate the temperature, a k-type thermocouple was 
placed in the space between the bottom end cap and the wall of the strand burner. From 
the temperature measurement, the heating tape controller determined the appropriate 
output power to maintain the programmed temperature.  
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Figure 26. Heating tape wrapped around SB-IV for high-temperature sensitivity 
tests. The same vertical mount is used for high-pressure testing. 
 
 
For both hot and cold temperature sensitivity tests, the strand burner was purged 
with nitrogen prior to testing. The temperature was monitored using a thermocouple 
inserted in the top of the strand burner as previously described. During the purging 
process, the temperature would rise during filling. The temperature would fall back to 
the temperature indicated by the thermocouple prior to the filling process. Once the 
temperature stabilized at the desired temperature, the strand was ignited using the 
Nichrome wire. The propellants were burned horizontally for the low-temperature tests 
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due to the confined space in the freezer, while the samples were mounted vertically for 
heating tests due to the propellants becoming softer when heated. Past studies have 
shown no significant difference between burning rates when burned horizontally or 
vertically.  
 
3.4 Characterization 
3.4.1 Pressure Transducer Calibration 
 As described before, the primary method for determining the burning rate of 
varying propellant formulations is measuring the transient pressure increase during 
combustion. The first pressure transducer located before the quarter turn valves is used 
in conjunction with GageScope to record this increase. Both pressure transducers offer 
accuracies of 0.15% FS (linearity, hysteresis, repeatability) throughout their pressure 
range up to 40,000 psi. The signal from the first pressure transducer is acquired and 
recorded on the same Data Acquisition System (DAS) via a dual-channel waveform 
digitizer PCI bus-based card and its corresponding software from Gage Applied 
Technologies as described thoroughly in Carro et al.16. To switch between SB-II and SB-
IV, the pressure transducer connection to GageScope is simply swapped accordingly. 
While this limits the overall testing capabilities since both strand burners cannot be 
simultaneously operated, it is more economical and efficient since the data acquisition 
system is already in place and well-documented. The second pressure transducer located 
before the quarter turn valves, as seen in Figure 17, is used to determine the ‘real time’ 
pressure inside the vessel. The pressure is then displayed on a digital reader on the 
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control panel. This digital readout allows the operator to know when the desired test 
pressure is obtained to avoid over-pressurization and wasting Nitrogen. Similarly, this 
display is used post-test to verify complete venting of the system.  
 In addition to the calibrations performed by the manufacturers, both of the new 
pressure transducers were calibrated using the existing SB-II pressure transducers. To 
calibrate the pressure transducers, both the fill lines to SB-II and SB-IV were opened and 
filled to various pressures. The output signal from the new pressure transducer to 
GageScope was then compared to the pressure displayed on the existing control panel. A 
set of six different pressures ranging from 0 to 3685 psi were then used to generate the 
linear calibration curve shown in Figure 27. The equation for the generated trend line is 
then put into Origin plotting software to convert the recorded voltages during the 
propellant burns to pressures.  
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Figure 27. Pressure calibration for the new GageScope pressure transducer using 
the existing system. 
 
Similarly, for the second pressure transducer, the output voltages displayed on 
the new digital reader were recorded along with the corresponding values from the 
existing system for a set of four pressures ranging from 0 to 3688 psi. These values were 
then plotted and used to generate the relationship displayed in Figure 28 between 
pressure and voltage output. The resulting equation was then used to convert the voltage 
output displayed to pressure to determine the ‘real time’ pressure inside SB-IV.  
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Figure 28. Calibration for the pressure transducer used to measure 'real time' 
vessel pressure using the existing system. 
 
3.4.2 Comparison to SB-II 
 Along with calibrating the pressure transducers, historical data collected using 
SB-II was used to verify the burning rates in the new high-pressure strand burner. Three 
primary formulations, as summarized in Table 5, were used to verify the results in the 
new SB-IV. Several 80% monomodal AP/HTPB composite propellants were burned in 
SB-IV during preliminary pressure testing. These preliminary data were used to verify 
the burning rates and pressure increase in SB-IV against past historical data collected 
using SB-II. Base-01 was used to verify that the burning rate data collected in the new 
high-pressure strand burner are consistent with thsoe collected in SB-II. The 
comparative results are shown in Figure 29. The black data points and trend line were 
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generated using the existing test vessel, SB-II, and the red data points are those collected 
in SB-IV. While the entire formulation falls slightly below the historical baseline trend 
line, the new points collected in SB-IV fall within the scatter of those collected in SB-II, 
hence validating the burning rates measured in the new strand burner.  
 
Table 5. Propellant formulations used in characterization tests for the new high-
pressure strand burner. 
 
 
 
 
 
Batch AP Distribution AP Particle Size (μm) 
Base-01 80% Monomodal 200 
Base-02 80% Monomodal 200 
Base-03 80% Monomodal 138 
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Figure 29. Burning rate data collected using both SB-II and SB-IV for an 80% 
monomodal propellant batch with an average AP particle size of 200μm. 
 
 The pressure increase was also verified while collecting preliminary burning rate 
data using the new strand burner. Since the volumes of SB-II and SB-IV are the same, 
they should also generate similar pressure increases during propellant burns for the same 
average test pressure. Figure 30 and Figure 31 show example pressure traces recorded 
using SB-II and SB-IV, respectively. The pressure traces are for the same 80% 
monomodal baseline formulation (Bases 01 and 02 in Table 5. Propellant formulations 
used in characterization tests for the new high-pressure strand burner.) and similar 
average test pressures of 1767 psi and 1739 psi, respectively. Observing the pressure 
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rises in Figure 30 and Figure 31, it is seen that the pressure increases roughly 200 psi for 
both propellant burns. What appears to be a spike in pressure in Figure 31 is actually a 
voltage spike from the ignition button. During preliminary testing, whenever the ignition 
button was pushed, the DAS would detect the voltage spike from the initial completion 
of the circuit used to initiate combustion. Subsequently, when the recorded voltage 
output was copied over to Origin and converted to pressures, this voltage spike would 
appear as a pressure spike, when in reality, it is purely a voltage spike due to ignition. 
This problem was resolved in later tests.  
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Figure 30. Example pressure trace collected using SB-II for an 80% monomodal 
propellant, average AP particle size of 200 μm, at an average test pressure of 1767 
psi. 
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Figure 31. Example pressure trace collected using SB-IV during preliminary 
pressure testing for an 80% monomodal propellant, average AP particle size of 200 
μm, at an average test pressure of 1739 psi. 
 
3.4.3 High-Pressure Results 
 Once the preliminary burning rates and pressure rises for the new strand burner 
were validated, higher pressures were tested to verify the design capabilities. To reach 
the higher pressures, the test vessel was first pressurized to the maximum pressure left in 
the Nitrogen tank. The gas booster was then turned on and left on until the desired test 
pressure was reached. It was discovered during initial testing that to reach pressures 
above 6,000 psi, almost an entire tank of Nitrogen was first needed to pressurize the 
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vessel before turning on the gas booster. The gas booster required a minimum of 150 psi 
to boost the Nitrogen to higher pressures. As a result, the air compressor used to supply 
air to the booster had to run constantly during testing to maintain its maximum capacity 
of 150 psi. It was also discovered during pressure testing that the O-rings located on both 
end-caps did not seal properly, resulting in a significant leak rate as seen on the example 
pressure trace in Figure 32. Consequentially, the strand burner had a difficult time 
maintaining constant, high pressures and ultimately could reach pressures above 8000 
psi. The strand burner itself did not fail, but rather the O-rings used to seal internally 
between the end-caps and main body. Further details are described in Section 4. The 
pressures that were reached however resulted in burning rates that followed the 
previously established trend for Base 03 shown in Figure 33.  
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Figure 32. Example pressure trace collected using SB-IV for an 80% monomodal 
propellant, average AP particle size of 138μm, at an average test pressure of 8193 
psi. 
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Figure 33. High pressure burning rate data collected using the new SB-IV for an 
80% monomodal propellant with an average AP size of 138 μm (Base 03). 
 
3.4.4 Temperature Sensitivity Results 
 To test the temperature capabilities of the new strand burner, both low- and high-
temperature sensitivity tests were performed using the Base-03 formulation as seen in 
Table 5. The low-temperature tests were performed first by placing the entire strand 
burner into the freezer as pictured in Figure 24 and letting it cool for a minimum of eight 
hours until it reached the desired initial temperature of -88°F. The samples were also 
placed in the freezer for a short period to cool them to an initial temperature of -88°F. 
One sample was tested at the low temperatures and two at the high temperatures. For the 
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high-temperature tests, the strand burner was wrapped in heating tape and heated to an 
initial temperature of 194°F. The burning rate results for both tests are shown in Figure 
34. Similar to Demko et al.’s results shown in Figure 1, the propellants burned at the 
high initial temperature have higher burning rates than those at ambient temperature, 
while the propellants burned in the cold environment are lower. Only one pressure was 
tested to obtain a direct comparison. The temperature sensitivity values are also 
tabulated in Table 6 and compared to the results of Demko et al.20. It should be noted 
that although the formulations used in this temperature sensitivity study and in Demko et 
al. were the same, the average AP particle sizes were different. Additionally, although it 
appears the data presented in this study contradict those in the previous literature review, 
it should be noted that the aforementioned studies used pure AP or pressed AP pellets, 
while this study and Demko et al. used AP/HTPB composite propellants.  
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Figure 34. Example temperature sensitivity data collected using the new high 
pressure strand burner for an 80% monomodal propellant with an average AP 
particle size of 138 μm. 
  
 
 
 
Table 6. Comparative temperature sensitivity data for 80% monomodal 
propellants using SB-II and SB-IV. 
 
Mix 
AP 
Particle 
Size 
Hot 𝝈𝑷 
(%/K) 
Cold 𝝈𝑷 
(%/K) 
Average 𝝈𝑷 
(%/K) 
Demko et al.20 200 0.34 0.70 0.49 
Base-02 138 0.29 0.23 0.26 
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3.4.5 Uncertainty 
 As with all experiments, there is an inherent uncertainty when taking 
measurements. The uncertainty in burning rate constants comes from a variety of 
sources, primarily from natural combustion fluctuations, variabilities in mixture 
uniformity between batches, and measurements. To minimize the variations between 
batches, a minimum of ten samples are burned for each propellant mixture. The length 
and mass of each sample are measured to ensure uniform density. Discrepancies in 
density can account for larger-than-normal scatter in the measured burning rates. In 
addition to mass and length measurements, uncertainty also stems from instrumentation 
errors.  
 Total uncertainty from the pressure trace, sample length/mass, time resolution, 
and temperature measurements was calculated using the root-sum-square (RSS) method. 
The tolerances in length, mass, and temperature measurements were found to be ±0.0005 
in, ±0.01 g, and ±0.1°F, respectively. The uncertainty in the DAQ pressure transducer is 
0.15% of the test pressure as reported by the manufacturer. This amounts to less than 1 
psi (0.75 psi) at the minimum test pressure of 500 psi and 15 psi at the maximum, 10,000 
psi. The uncertainty in burning rate time was determined from the recorded pressure 
trace. The largest source of uncertainty in the time measurement and ultimately, overall, 
comes from selecting the point of ignition. Unlike the end of the burn, where there is a 
distinct peak in the pressure rise, the beginning of the burn is much slower and not as 
clear. As seen in Figure 30, there is a slight curve, or transient portion, at the beginning 
of the pressure trace, making it difficult to select the exact point of ignition. Therefore, 
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the total uncertainty in the time measurement was taken as this initial transient portion as 
seen in Figure 35, which was about ±0.47 seconds.  
 The overall total burning rate measurement uncertainty for this study ranged 
from 12.8% to 15.1%, compared to 4.3-9.1% using SB-II. This increase in uncertainty 
comes from the transient ignition portion of the pressure trace. As seen in Figure 31 and 
magnified in Figure 35, there is a sudden spike in the pressure trace resulting from the 
sudden increase in voltage due to the ignition circuit being completed. This spike 
increases the duration of the transient portion, causing the overall measurement 
uncertainty to increase. For example, the initial transient portion using SB-II (without 
the voltage spike) is approximately 0.16-0.25 seconds but almost double at 0.47 seconds 
using SB-IV (with the voltage spike) Although the overall uncertainty is between 12.8-
15.1%, the actual burning rates typically fall within 10% scatter of the predicted burning 
rates using a best-fit trend line.  
For temperature sensitivity measurements, the overall uncertainty remains the 
same since the majority of the uncertainty comes from the transient portion of the time 
measurement. The inclusion of the temperature measurement uncertainty is very small, 
±0.1°F; thus has little to no effect on the overall uncertainty. Additional sources of 
uncertainty can be attributed to human errors such as incorrect sidewall inhibitor 
application.  
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Figure 35. Example uncertainty in time measurement using SB-IV. 
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4. CONCLUSION 
 
4.1 Summary 
 A new, very high-pressure facility was developed and characterized for studying 
the burning rates of propellants at extreme temperatures. The pressure testing 
capabilities of the author’s lab were doubled to a working pressure of 10,000 psi. The 
new facility is also capable of determining propellant temperature sensitivity for 
temperatures ranging from -88°F to 194°F using a new So-Low Freezer and heating 
tape, respectively. The new strand burner design also incorporates a thermocouple so the 
initial internal pressure vessel can be monitored during burns. Additionally, all new 
tubing and fittings were installed along with fill and exhaust pneumatic valves to ensure 
a minimum pressure rating of 15,000 psi.  
 Burning rates were obtained from the pressure trace recorded in GageScope, 
while the temperature sensitivities were determined by raising and lowering the initial 
propellant temperature. The high-temperature sensitivity tests were performed by 
wrapping the strand burner in heating tap and allowing the entire vessel to reach the 
desired temperature. The low-temperature tests were achieved by placing the strand 
burner and bolt into a So-Low freezer and cooling it to the required temperature. The 
‘real time’ vessel temperature was monitored via a thermocouple located inside the 
vessel. The gas inside the vessel was allowed to reach equilibrium after filling before 
burning the propellant. The resulting data were subsequently used to calculate 
temperature sensitivity.  
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 The new strand burner was extensively characterized through a series of tests. To 
verify the burning rate and pressure increase, the same batch of propellants was burned 
in both the existing strand burner, SB-II and the new vessel, SB-IV. The resulting data 
showed similar burning rates and pressure rises, therefore confirming the new strand 
burner’s accuracy. Similarly, temperature sensitivity data collected in the new strand 
burner were qualitatively compared to past studies to verify their validity. To verify the 
high-pressure testing capabilities of the new strand burner, tests were performed at 
pressures above 6,000 psi. While the strand burner was able to be pressurized up to 
8,000 psi, the target working pressure of 10,000 psi was not reached at the time of this 
thesis due to sealing issues. As a result, recommendations are made in a following 
section to address this issue.  
  
4.2 Challenges 
Implementing the design of the high-pressure strand burner required "trouble 
shooting" in new territory.  Although the basic design and machining were similar to the 
current strand burner employed by the Petersen Research Group at Texas A&M 
University, this latest vessel stretched material and operating parameters.   
The increased scale produced challenges associated with imprecise machining. 
Initial, inaccurate machining was evident during the first pressure testing. The end caps 
and the bolt used for holding the propellant sample all suffered from thread galling at 
one point during initial testing and required either customized tool fabrication or 
additional machining. Galling between the vessel chamber and the end caps required re-
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machining to remove excess metal and properly tighten each end cap. While the re-
machining solved the galling problem, it introduced sealing issues between the end-caps 
and main body. The O-ring groove was altered during the re-machining, causing the 
originally chosen O-rings to not compress and seal properly. As a result, the strand 
burner could not consistently hold pressures above 7,000 psi and only reached a 
maximum pressure of 8,000 psi to date.  
As mentioned in earlier sections, the propellant holder was also re-machined due 
to thread galling. A completely new bolt was machined along with the end-cap bolt port. 
To prevent galling in the future, the threads per inch were increased, making the contact 
surface area on each thread slightly smaller. Additionally, the wall thickness between the 
copper lead wire and threads was increased to prevent any deformation due to the high 
pressures. The new propellant holder has one face-sealing O-ring and holds pressure 
much better than the previous bolt. 
O-ring materials also presented difficulties when testing at pressures above 7,500 
psi. While O-rings are typically rated for temperature ranges and/or chemical resistance, 
their operating pressure limits are not supplied. The initial O-rings chosen had a 
chemically resistant outer casing with a silicone core. While they supplied the necessary 
chemical resistance and temperature range, the chemically inert outer casing failed at 
pressures above 7,500 psi, causing the O-ring to over-expand and burst.  Coupled with 
the increased size of the vessel, removal of the end cap for O-ring replacement required 
unique servicing.  As a result, the O-rings were changed to a more-rigid type without a 
chemically inert outer casing. Additionally, ignition and thermocouple wiring were 
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adjusted to ignite the propellants reliably and record the temperature of the gases in the 
vessel before and after combustion. All-new, 20,000 psi-rated tubing and fittings were 
also installed since the previous facility was only rated to 10,000 psi. A new gas booster 
and air compressor were both used to reach the higher pressures since tanks of Nitrogen 
only come at a maximum of 6,000 psi.  
Transitioning between and hot and cold temperature sensitivity testing required a 
portable crane to move the vessel (100 kg) between the vertical and horizontal set-ups.  
Large masses of metal were placed in the freezer prior to testing to act as heat sinks. For 
both sets of temperature sensitivity, the vessel required a minimum of eight hours to heat 
or cool to the desired temperature, then another 24 hours to reach room temperature 
before switching to the other temperature extreme. Similarly, the high-pressure (5000 to 
10,000 psi) burning rate tests took approximately three times as long as the normal 
pressure range (500 to 4000 psi) to perform.  
 
4.3 Recommendations 
The only testing capability of the new strand burner not verified at the time of 
this thesis is the working pressure of 10,000 psi. It is evident by looking at the example 
pressure trace in Figure 32 that the new strand burner has a high leak rate. Even with a 
constant air supply to the gas booster, the gas booster cannot increase the pressure fast 
enough to overcome the leak rate. As a result, the current maximum working pressure is 
only 8,000 psi. To solve this problem, the author first recommends re-measuring each O-
ring groove on the two end-caps. During preliminary testing, the end-cap threads galled, 
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causing the machinist to re-thread and machine down the circumferential O-ring 
grooves. Since these diameters changed, the original O-rings are now unable to 
completely compress, causing leaks where they should have sealed. Therefore, re-
measuring the O-ring grooves and choosing new O-rings based on the guidelines in the 
Parker Handbook for O-rings may prove to be a simple and economical fix.  
If the aforementioned plan does not succeed and there is still a significant leak 
with the new O-rings, back-up O-rings may be required. Back-up O-rings are used to 
help seal when the primary O-ring fails. The current design incorporates two back-up O-
rings, but the material and size may have to be altered. If neither of these options work, 
as a last resort, the end-cap with the worst sealing issues could be welded-shut. This is 
not an ideal option though since once it is welded, the end-cap can never be removed. 
Thus if a threaded part should ever gall up and get stuck, the entire end-cap would have 
to be cut off and the main body re-machined in addition to a new end-cap.  
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APPENDIX A: MECHANICAL PROPERTIES OF 17-4 PH STAINLESS STEEL 
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APPENDIX B: STRAND BURNER IV DRAWINGS 
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APPENDIX C: FACILITY HARDWARE 
 
 75 
 
 
 76 
 
 
 77 
 
. 
 78 
 
 
 79 
 
 
 80 
 
 
 81 
 
 
 82 
 
 
 83 
 
 
